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WIND TUNNEL (NVESTIGATION OF A CENTAUR STANDARD SHROUD
GOMPARTMENT VENT FROM MACH NUMBER OF 0.70 T0O 1,96

by Albert J.. Johns and Merle 1. Jones

SUMMARY

An experimertal program was conducted in the Lewis Research Center
8= by 6-foot Supersonic Wind Tunnel to determine the vent discharge
coefficient for the Centaur Standard Shroud (C$8)/1iquid hydrogen (LHZ)
tank compartment vent. The test was conducted over a free-stream Maeh
number range of 0.70 to 1.96 with the vent mounted in a flat plate. The
plate was flush mounted to the tunnel sidewall wlth coinciding center-
lines. Air was discharged from a plenum chamber, located on the tunnel
sidewall behind the plate, through five 6.55 em (2.50 in.) diameter vent
orifices into the free-stream. The test was conducted to arovide data for
Lhe analvsis of the CSS/LH2 compartment venting during ascent through
the atmosphere. Tull scale simulated flight hardware, sueli as the vent,

— corrugations, aft field joint ring and ice bag clip was used. Boundary
b layer thickeners werc used to vary the boundary layer heigl.t and profile.
o The thickeners consisted of several rods fastened to a plate mounted at
ke,

the leading edge of the test scction. The boundary layer height varied
from a maximum of 30.5 ecm (J2 in.) at Mo = 0,70 to a minimum of 15.8 en
(6.25 in.) at My = 1.40 usiug thickeners. Without thickeners, the
boundary layer height varied from a maximum of 29.8 em (8.20 in.) at

Mo = 0,70 to a minimum of 15,25 em (6 in.) at M, = 1,40.

The highest vent discharge coefficlent for any given Mach number
and vent pressure ratlio generally occurred at the max tmum displacement
thickness,

The peak pressure coctficionts caused by the ice bag clip and aft
field joint ring were greatly influenced by the boundary laver character-
fstics.  Por example, withouwt boundary laver thickeners, the peak pressures
caused by the fee bag clip and the aft field joeldnt ring were about the
same.  But with thickeners, the peak pressure caused by the fae bag clip
wias less than that {or the alt field Joint ring up to Mach 1,20,

Vent flow increased the statie pressure ahead of the vont and decreased
the static pressure aft ot the vent.

ENTRODUCT TON

During ascent through the atmosphere, several compartments in the
THan/Centaur taunch vehicle are vented overboard into the ree strean,
The vent ing during this portion of the flight must be controlled In sucl
a way that the compartment walls will not he exposed to excessive crash -




burst pressures., In designing a vent system which will meet this require-
ment, it is necessary to know the discharge characteristics of the vent
openings as they arce aftected by both the goemelry of the openings and

the external environmental elements such as local velocity, pressure,

and bounduary layer thickness, references 1 through 9.

One of the compartments to be vented during atmospheric ascent is an
annulus bounded by the hydrogen tenk, the Centaur Standard Shroud, and
the bulkhead/seals at each end of the hydrogen tank, This compartment is
vented through the door on the hydrogen fill and draw valve chute. The

vent configuratiou consists of a cluster of five orifices 6.35 cm (2.50 1in.)
in diameter,

The present test was conducted primarily to determine the discharge
characteristics of this particular vent configuration at various external
environmencal conditious. A secondary objective was the determination of
aerodynamic pressure in the vicinity of the vents. The test was conducted
in the Lewis Research Center 8- by 6-foot Supersonic Wind Turnel over a
range of free stream Mach numbers from 0.7C to 1.96. The test configurarion
consisted of a full-scale simulation of the door with vent holes mounted
on a flat plate attached to the wind tunnel wall. Alse included were
full scale sections of shroud corrugations and other protuberances which
are located in the wvicinity of the vent orifices. Air was discharged through
the vent orifices into tie wind tunnel stream from a plerum mounted on the
backside of the wind tunnel wall.

SYMBOLS

cp pressure coefficient, (p - po)/qu

di diameter of each vent orifice-6,35 cm (2.50 in.)

K vent discharge coefiicient based on one-dimensionad {1ow rate
that assums a static pressure Tepresentative to the vent
region when there is ne vent flow

MQ,ML local Mach number at the vent, based on local static pressure

’ with no vent flow and tree stream total pressure

MU,MU free stream Mach numboer

N powe; of power—law protil.

Dy local static pressure

Py free stream static pressure

PE/PI plenum pressure ratio, ratio of cxternal stagic Pressare it

vent without jet-free stream interact lon-to plennm presaure
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VL/VI.MAX

X/LREF
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H

frec—stream dynamte pressare

hounda,y layer velhelty ratio measured ot tunnel stat lons
619.77 em and 624,85 e

ratho ot axfal distance from att 1ield joine ring leading edge
(tunn 1 statlon H79.00 cm (267.40 in.)) ~to-reference length,
Where referonce deagth, LREF = 2.% enm (1,00 in.)

normal distance from trough of corrugated surface
distance above (+) and below (=) plate centerline

boundary-layer thickness, height of the boundary-laye* where
local velocity becomes 99 percent of maximum local velocity

displacement thickness, o measure of deficiency in mass low
through the bounuary-laver as a result of the stream having
been slowed by triction

shape tactor, ratio of displacenent thickness-to-momentum
thickness, where momentum thickness is the tuickness of
the frece-stream flow necessan (o make up the deficiency
in momentum {lux within the boundary layer

APPARATLS

The test installation in the 8- by 6~1oot Supersonic Wind Tunnel .
shown in figure 1. The plate was tlush mounted to the tunnel sldewall, the
centerline of the plate and tunnel wall coinciding.  The plate leading
edpe was Jocated 92,7 centineters (36,50 in.) downstream of the boundary
layer thickener plate, (tfig, 1)), Sections of full-sciale simulated
flight hardware such as the vent, the shroud cotrrugations, ice bap clip,
and afr fietd joint ring were attached te the plate, (1ig. 1(h)).

A schematic of the vent flow svsten is shown i Higute 1(e),  The
Plenun chand or was attached to the Sackside of the funne] sidewall.  Alr
was obtained from the atwosphere. ‘Tae 1low rate was measured with a 1 low
metering orffice and regulated by o huttert v valve located upstream
of the orifice.  Figure 1G0) shows the installation of e boundary layer

rakes.,

Details ot the rest hardware are ohowlr il Tigune ', ine plate wan
YA B4 em (96,00 Tn.) lonp and 120,90 em (AR.00 ing) wide with o 157 T
leading edpe, (ige 2Ga)). 10 wan partially covered with o 165,10 om
(05.00 in,) corrupdted sectiooy PHip, 2(b)). This corrupated section,
the tee bag elip, and the att vield joint ring vore tull seale simolated
flight hardware, details are show in sigure J(e) throwe, Vi, Details

of the boundary laver thickencrs are ciown in tigure 3
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ENSTRUMENTATION

The boundary-layer survey hardware consiste! ot two rakes (fig, 4¢a)).
The larger boundary-layer rake contained 19 prohes.  The tuwer five probes
were concealed by the corrugation crest, The small riake contained 6 probes
and was located in the corrugation trough, (fig. 1{d)). The large boundary
layer rake covered a distance of 37.02 centimeters (13.00 In.) from the
corrugation trough. Normal distance from the corrugation tirough to each
probe is given in the table of figure 4(a).

The boundary-layer rakes were used to survey the local [low field
and to measure the boundary-layer height. Rakes were located at tunnel
stations 619.77 cm (244.00 in.) and 624.85 cm (246.00 in.), at distances
of 51,56 em (20.30 in.) and 44.45 c¢m (17.30 in.) respectively above the
centerline of the vent. The static pressure instrumentation is shown in
figure 4(b) and table I.

Static pressure orifices ahead of the vent were located in the corru-
gation trough corner. Static pressure orifices aft of the vent region
were located along both the corrugation trough and crest. The fleld joint
ring was also imsirumented, (fig. 4(c)). 'The vent and {low system instru-
mentation 18 shown in figure 4(d).

CONF1GURATIONS

A configuration summary is pliven in table 1], Five configurations
were tested: three were the flight contiguration with variation in the
boundary layer thickeners; and two with the aft field jolnt ring removed
and no boundacy-layer thickeners, One of the latter two configurations
had the vents orifices plugged and was made to obtain the effect of open
vent orifices on the localized prussures.

RESULTS AND DISCUHSSTON

Plenum pressure ratio, PE/PI, is defined as the ratio ol a local
static {reference, Pogqe Hee tabiv 1 and tigare 4(h)) pressure Lo plenum
pressure, ‘The referenfe pressure used to set the plenum pressure ratio
and to compute the local Mach number wias obtained from a no-vent-i low
condition, A comparison of the reference-to-free-stream statie pressure
ratlo for open vent (no vent tlow) and plugped vent s shown In figure 9.
With the excep i. of Mach numberc of 1,05, 1,20 and 1.96, the open vent
had 1ittle or no effect on the reterence pressure,

The local Mach number M., based on reterence statlc pressure is
shown in fligure 6 as o functfon ot the tree stream Mach pumber for the
five confligurations tested with no vent [low. The local Mach number had
an insignificant deviation from the free stream Mach number at the subsonte




condit fons,  But, at supersonic Mach mmbers, particoalarly between Maco
1.0% aud 1,40, the deviations were significant,

The boundary layer veloclity orotiles, figure V, were obtalned tor
cach contiguration. The velocity protilos in the lower sepfon (first
iy probes) were measared by the swoll rake in the corrugat ion  trough,
which was located at tunnel statfou 619.77 cm (244.00 in.) and 51.5% en
(20,30 in.) above the plate centerline. A large boundary layer rake
locnted at tunnel station 624.85 cm (246,00 in.) and &44.4% cm (17.30 in.)
above the plate centerline was used to obtain the velocity profiles above
the corrugation crest to a helght of 33.02 om (13.00 in.). The first six
probes of the larger rake were masked by the corrugation erest, At the
upper subsoniec, transonic and supersonic Mach numbers a slight distortion
occurred at the transition from the smaller rake to the larger rake. The
distortion was caused by the seventh probe on the large rake being
near the coriugation crest surface, resulting in a slightly lower
velocity than that which existed at the preceding probe on the small
rake.

The differences in the velouity ratio profiles, figure 7, for the
various configurations reflect the thickening ot the boundary layer through
the use of t: -~ thickener rods, (fig. 8(a)). A comparison oY the measured
boundary laye. isplacement thickness (with and without thexener rods)
with analytical predictions for the flight vehicle is shown in Ligure 8(b).
The boundary~layer velocity shape factors for the various contfigurations
are shown in ficure 8(c) over the Mach number range tested.  Also shown
in the fipgure is the boundarv-layer velocity power profiles, N, of 5 and
11 taken from reference 9. Boundary-layer velocity power profile from
N =5 to 1l is the approximate range ol fully-developed turbulent boundary-
layers., In general, the shape factors for the various conf igurat ions
were within the range of the fully-developed turbulent houndary-layers
velocity power protiles.

Variation of vent discharge coctiicients with the plenum pressure
ratio, PE/P1, is shown in figure 9 tor the free-stream Mach number range
investigated. Also presented tor each configuration is the lucal Mach
number at the vent region.  As discussed carlier both PE and local Hach
number were determinad trom tihe zero §low condition.

At the no-vent ~tlow condition the internal pressure, Py should
theoret feally equal the tocal externat pressare, PFO However, internal
and oxternal peessures were atfected ditterently by the corruations,
ice bap clip-boundary-layer interactoon and aft tichd Joint ving. Foi
cxample, at supersonic Mach ounber-, 1 FLIR, the it ticld joint riag
had ne ellocet on the internal pressutes, whereas o naet jceable offeet
ocenrred on the external pressure, PE. bnoaddition, pressove pradients in
boeth the span and axial direction, In the fmediafe vont area, contd conee
reciteulation which would effect the internal preassacre and net the external
pressnre PE. donsequent ly, the no-tlow vent pressure vat o PL/ZPL varded
from 0.94 to 1,035,
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The effeet of the aft ticld joint ving on the vent discharye
coodficients can be ascestained trom o comparison of configurations |1
and 3 (with and withont att Jield joint ring, respectively),  The
ventl discharge ecoefviciont was bigher with the att vield joint ringy tor
i plven venl pressure ratio, The dorepoing wies camnedd by the aft Tield
jodnt rioyg, s expected, [nereasing the pressures in the vent region,
Mis effect is shown i a later tigure (tig. L0),

The differcnces fa vent discharge coetticients in the other econ-
flgurations (1, 2 and 3) are due to variations in the bouadary-~layer
displacement thickness. Tha maximum vent discharge coofficient, tor a
given plenum presscre ratio, was obtaioed with the maximan displacement
thickness, configuration 2.

The effect of boundary layer displacerent thickness on the pressure
distribution is shown in figure 10 [or no-vent-{low conditlion. TInecreasing
the beundary layer displacement thickness cansed a reduction in static
pressure both upstream and downstream of the wvent at subsonic specds.
However, at some supersonic Mach numbers the tnicker boundary layer
conditions resulted in a large pressure rise in the vent region (for example
My = 1.2 and 1.6 (Yig. 10{i) and 10(k)). The pressure cocfiicients, aft
of the vent, tor the two configurations, 3 and 4, without the field join
ring are substantially lower than the pressure coelficicnts with the
tield joint ring.

The effect of the jee bag ¢lip and e tield juint ring on the static
pressure field was greatdy int laeaced by toe boendary laver characteristicn,
For example, at both subsonic and svpersonte conditions for contiguration |,
(without boundary laver thickeners) tho peak pressure caused by the section
of the {ee bag clip ahead of the vent wie as lorge as that caused by the
att tield joint ring. Whereas tor fhe cont bparat fons 2 and 9, with
boundary layer thickeners the fce bag o lip vtfect varied from approximately
one~halt of the tleld joint riny peak pressvre cocttictent (M, - 0,90,
tig, L0(c), contiguration 2) to about 0.08 higher (Mo = 1.40, fig. 10(53,
configuration 5).

Me effect ol vent 4 lew on tie poeseure Jdictribution bs hown i,
figures 11 thhough A4, Generally, the cttect o vent flow wis to inereane
the pressure upstream ot the vent b decrease the pressure downstream ot
the vent,

SUMMARY OF RESEGTS

A experimental ipvestigatbor wo condaeted i e cewte Sese e
Conter 8- by h~foot Supersonic Wing Tonnel to deteriine The lacharee
cactlicients ot the Centanr Standoaed oo/ Biguid avdroser o0 ot
ment vent., e test woee ecomndoe ted wathe tatdh o geade civadbated 1y
hardwiar  over a tree-stroom Mach nambot range ot .70 tao 1096 with the
vent and shrond corragations mounted tooa tiat plate, The tlat pTate woe
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4. btruck, o Goyoand Harkins,

Flush mounted to the tane) sidewall suel that the conterline: colne Pelied,
Alr wass discharged through Tive 6,3% em (2,50 In.) diameter vent orif fees
Ino the frec-stream,  Vent pressare ratlo varied trom 1,039 to 045,

The following observat [ons vere made :

Lo Generally, the vent discharge coetficlent is direet Vvt hueneod
by the boundary layer displacement thickness.  The highest dischare coeffi-
cient, for a glver Mach number and vent pressure ratio, usually ocearred
at the maxinum boundary layer displacement thickness.

2o The analytically predicted displacement thickness {o1 the vehicle
nomfnas $light trajectory could be simulated over the Mach number ranpe
by nsing a boundary layer thickener.

3. The eftoct ot the ice bag ¢lip and alt field joint ring on the
static pressure field was greatly intluenced by the boundary layver charac-
teristics. For example, without houndary layer thickeners, the peak
Pressures cansed by the ice bap clip and the aft ticld joint ring were
about the same. But with thickener rods, the peak pressure tor the ice
bag clip was less than that for the at't §ileld Jedint ring up to Mach 1,20,

4. The ettect of vent 1low on the static pressure distribut fon was
Lo inerease the static pressure upstream of the vent region and lower
the static pressure att of the vent.
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TABLE 11, - CONFIGURATION SUMMARY

e — L . _ e e .
| |
Conripguration l Boundary-layer thickener . Aft field
i
Symbnl l Number ] : Joint rin
|
0 ! 1 *  None Inatalled
j Q ; 2 © 4 rows- 12,70cm(5.004n) height : f
| , i rods (18 rods per row) | TInstalled
‘ . X t
i Q ! 3 . None . Removed
l 0 i lyst ! None ! Removed
|
A l 5 i1 row- 12,70cm (%,00in) heirht ! .
' ! reds. L row- 7.62cm (3.004in) .
rods. 18 rods per row. | Installed '

; heizht

) EE T I - e s .+ wmme o e + am | o i

*Pressure datu, vent plugged.
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Tunnel stations 513.77 (202.27)

{0) leading-edge of corrugation details

Figure 2. - Continued
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